For the purpose to provide some insight into the relationship between structural characteristics of petroleum derived heavy oils and their thermal-and hydro-cracking properties, structural characterization of some deasphalted oil (DAO) and asphaltene (ASP) samples by means of chromatographic separation followed by NMR and elemental analyses, and Curie-point pyrolysis and catalytic hydrotreatment of the oils and their fractions were carried out.
The principal results are summarized as follows: (a) In the Curie-point pyrolysis investigation, it was found that a saturates fraction from specific DAO sample, which contained a considerable amount of naphthenic compounds, could suppress coke formation from aromatic and polar compounds fractions of DAO, whereas such an effect was not observed in the case of other saturates fractions consisted mainly of straight paraffins.
It was proposed that the effect of naphthenic components was due to their hydrogen donating property.
(b) Addition of a light hydrocarbon solvent, such as cyclohexane or benzene, in the hydrotreatment of an asphalt fraction using Ni-Mo/Al2O3 was found to significantly enhance desulfurization as well as cracking of heavier components in the sample. This is thought to be attributable to the supercritical effect of the solvents.
(c) Analyses of the oils obtained by individual hydrotreatment of polyaromatics, polar compounds, and asphaltene fractions from a heavy end, indicated that they contained significantly similar saturates, monoaromatics, and diaromatics components, suggesting that the fractions before the treatment have mutually resembling structure moieties. Meanwhile, the conversion of the starting fractions to the less polar and less aromatized fractions normally decreased in the order polyaromatics>polar compounds>asphaltene. between their structural and compositional features and catalytic16)-21) and thermal22)-25) cracking characteristics has been discussed, because of their complexity, further fundamental investigations into the subject appear to be required to attain more efficient development. In the light of these considerations, the authors carried out structural characterization of deasphalted oils (DAO) and asphaltenes (ASP) by chromatographic separation, followed by NMR and elemental analyses, and Curie-point pyrolysis and catalytic hydrotreatment of the oils and their fractions26)-30). The results obtained are summarized in this publication.
Introduction

Analysis and Pyrolysis of Deasphalted Oils
Derived from Vacuum Residues
Curie-point pyrolysis-gas chromatographic analysis is known as a useful tool to investigate pyrolytic properties of heavy organic materials including natural and synthetic polymers within a * To whom correspondence should be addressed.
short time using a small amount of sample31). Consequently, structural analyses of three kinds of deasphalted oils (DAO) derived from two Indonesian crudes (Minas and Dun) and an Arabian mixture (AL/AM), followed by Curiepoint pyrolysis of the oils and their chromatographic fractions were undertaken as convenient methods to provide information on the relationship between structural characteristics of petroleum derived heavy oils and their thermal cracking properties26),27).
The employed deasphalted oils, Minas-, Duri-, and AL/AM-DAO, were obtained by extraction of the corresponding vacuum residues using pentane as a solvent and were fractionated by gradient liquid chromatography into four fractions which are defined as saturates-1 (S-1), saturates-2 (S-2), aromatics (A), and polar compounds (P), respectively. 1H NMR analysis indicated that the S-1 fraction essentially consisted of aliphatic compounds, while S-2 contained small amounts of aromatic components. Table 1 summarizes H/C atomic ratio, nitrogen and sulfur contents, fa value (aromaticity index), and Lp value (see below) for the DAO samples determined by elemental analysis and/or 1H NMR. The fa value was calculated by modified BrownLadner method reported previously32).
The Lp spectrum. This value is an index of average linearity of paraffinic moieties of a given oil; a sample with a higher Lp value means a higher composition in iso-paraffins as well as naphthenic compounds, whereas a lower Lp value means richer in linear paraffins.
It can be seen from Figure 1 shows the 13C NMR spectra of Minas-DAO-S-1 and AL/AM-DAO-S-1 obtained by using Duri-DAO-S-1 showed a spectrum similar to that of Minas-DAO-S-1. The methylene peaks around 27 and 37ppm and the methine peak around 33ppm may suggest the presence of naphthenic compounds along with iso-paraffins34). These peaks are observed as significantly strong ones in the spectrum of AL/ AM-DAO-S-1, suggesting that the fraction contains a considerable amount of naphthenic compounds. This may be the major reason for the Lp value of AL/AM-DAO-S-1 being greater than those of Minas-and Duri-DAO-S-1.
Curie-point pyrolysis gas chromatographic (Py-GC) and mass spectrometric (Py-GC-MS) analyses of the DAO samples were carried out at nitrogen stream. The products remained on pyrocell and pyrofoil were defined as tar and coke, respectively31). The weight of volatiles, which were introduced into GC, was calculated using the following equation: weight of volatiles=weight of sample-weight of tar-weight of coke. It is noted that under the conditions, model substrates such as octadecyl-benzene and -naphthalene can be pyrolyzed with reasonable conversions31). Figure 2 shows the pyrograms of saturates-1 fractions, i.e. chromatograms of volatile matters as the representatives.
It was confirmed that each DAO sample gave almost no peaks when it was directly injected to GC, suggesting that the peaks observed in the pyrograms could be attributed to the pyrolytic products.
The periodic couple peaks in each pyrogram were attributable to nalkane and n-alkene pairs by Py-GC-MS. It should be noted that the product distribution in the pyrograms does not directly correlate with the chain length composition in the samples, since a long chain alkane undergoes pyrolysis to give a mixture of various alkanes and alkenes under the same conditions31). It can be seen, however, that the existence of compounds, at least up to C30, can be confirmed. Minas-and Duri-DAO-S-1 gave rather linear base lines in their pyrograms. This suggests that the fractions contain higher nparaffins as the predominant components, as indicated by their 1H and 13C NMR spectra. On the other hand, AL/AM-DAO-S-1 gave a relatively broad base line and there were a considerable number of peaks between the n-alkane/n-alkene pair-peaks. Based on the results of its 1H and 13C NMR analyses, the peaks and the base line may be considered to be due to the various isomers of naphthenic compounds, as well as to iso-paraffins.
The results for the product distribution in the Curie-point pyrolysis of the deasphalted oils and their fractions may be summarized as follows: (a) The amount of coke formed in the pyrolysis of the whole DAO samples decreased in the order Duri(15%)>Minas(9%)>AL/AM(3%).
(b) Irrespective of the original oils, the yield of coke from their fractions decreased following the order P(22-29%)>A(6-15%)>S(1-8%). (c) Interestingly, it was found that pyrolysis of the whole AL/AM-DAO sample produced a smaller yield of coke (3%) than was expected from the content of the fractions and their coking properties, whereas Minas-and Duri-DAO gave rather normal yields of coke, which may imply that the saturates fraction, AL/AM-DAO-S-1, suppresses the formation of coke from its A and P fractions.
Consequently, the pyrolysis of A and P fractions of Minas-and Duri-DAO was conducted by mixing the same amount of AL/AM-DAO-S-1. The results are shown in Table 2 . It can be seen that in the presence of AL/AM-DAO-S-1, Minas-DAO-A produced only a negligible amount of coke (<1%), and the formation of coke from Minas-DAO-P was significantly suppressed. The P and A fractions of Duri-DAO similarly yielded smaller amounts of coke in the co-pyrolysis with AL/AM-DAO-S-1.
In order to examine the effect of AL/AM-DAO-S-1 on the pyrolysis of much heavier matters, i.e. asphaltenes (ASP), those from AL/AM and Minas crudes were pyrolyzed in the presence of the saturates fraction ( Table 2) . As expected, addition of AL/AM-DAO-S-1 to AL/AM-and Minas-ASP considerably reduced yields of coke. It is also noted that the use of Minas-DAO-S-1, which consists mainly of straight paraffins, in place of AL/AM-DAO-S-1 did not reduce yields of coke; rather, it seemed to yield higher amounts of coke, conversely. It appears, thus, that the effect of naphthenic compounds is rather general in the pyrolysis of petroleum heavy fractions, at least under the pyrolytic conditions employed. The reason, for the effect of Minas-DAO-S-1 on yield of coke from the asphaltenes, however, is not clear. The above pyrolysis data together with the results of structural analyses led us to deduce that one of the major factors of the unique properties of AL/AM-DAO-S-1, suppressing coke formation, could be attributed to the presence of considerable amounts of naphthenic components.
In turn, the difference between Minas-and Duri-DAO-S and AL/AM-DAO-S in their coking properties could also be interpreted in terms of hydrogen-donor characteristics. Naphthenic compounds may release hydrogen more easily than n-paraffins accompanied by aromatization.
As a result, the Curie-point pyrolysis of mixtures of A and P fractions of AL/AM-and Minas-DAO (i.e. DAO samples not containing saturates) in the presence of three kinds of model compounds for saturates (triacontane, squalane, and cholestane) were examined to ascertain the consideration.
When a sample of mixture of aromatics (A) and polar compounds (P) fractions of deasphalted oil from AL/AM (AL/AM-DAO-(ASP)) was pyrolyzed, volatiles, tar, and coke were formed in 35, 45, and 20% yields, respectively (Table 3) . Addition of the same amount of triacontane or squalane, as model compounds having linear and branched structures, respectively, to the oil sample showed essentially no effect on the coke yield (the values of 11% and 10% are rather normal by taking into account the composition of the mixed samples). By contrast, addition of cholestane as a naphthenic model compound considerably suppressed coke formation, the yield being 5%. Based on the coking properties of AL/AM-DAO-(A+P) and cholestane, the extent of the reduction may be
Yield of coke in the pyrolysis of Minas-DAO-(A+P) was also reduced by addition of cholestane, while such effect was not observed with addition of triacontane or squalane, as for the case of AL/AM-DAO-(A+P). The unique property of cholestane observed above appears to agree well with the fact that the saturates fraction of DAO from AL/AM (AL/AM-DAO-S-1), a considerable portion of which consists of naphthenic structures, could similarly suppress formation of coke in the cases of both DAO-A and DAO-P fractions.
As considered above, naphthenic compounds may be expected to release hydrogen more easily than acyclic paraffins accompanied by aromatization, preventing recombination of relatively large radical fragments in the pyrolysis of DAO and thereby suppressing formation of coke.
Volatile pyrolytic products from cholestane were, consequently, analyzed by using Py-GC and Py-GC-MS.
As The employed petroleum heavy fraction (AL/ AM-C3-ASP) was propane insoluble matter contained in the vacuum residue of an Arabian mixture (AL/AM).
Its characterization data by solvent and chromatographic fractionations and elemental analysis are shown in Table 4 . It consisted of 78wt% pentane soluble and 22wt% pentane insoluble-benzene soluble (e.g. C5-asphaltene) matters.
The employed Ni-Mo/Al2O3 catalyst was presulfided before use with a CS2 solution in dodecane by heating under nitrogen in a batch autoclave.
The hydrotreatment was carried out under 50kg/cm2 (at room temperature) of hydro760mmHg) were distilled off together with the added solvent.
The results of the hydrotreatment of AL/AM-C3-ASP, using a variety of solvents including cyclohexane, benzene, tetralin, decalin, and 1- Table 5 (Runs 1-5). Under the employed conditions, more than 90wt% of the pentane insoluble fraction in the feed was converted to pentane soluble products, irrespective of the solvents used. While the H/C atomic ratio in the treated oils did not significantly vary, the values using cyclohexane and decalin were somewhat higher than those using the other aromatic solvents.
On the other hand, it was found that the sulfur content of the treated oils markedly depended on the employed solvents, decreasing in the order 1-methylnaphthalene>decalin>tetralin>benzene >cyclohexane.
The solvent effect on the recovery of the residue was also observed to a small, but meaningful extent; the recoveries using cyclohexane and benzene were smaller than those using the other bicyclic solvents, indicating that the former solvents allowed to produce relatively larger amounts of light products. Figure 3 shows GPC chromatograms of AL/ AM-C3-ASP and the treated oils (chloroform was a) The treatment of the oil (2.0g) was carried out in the presence of a presulfided Ni-Mo/Al2O3 catalyst (1.0g) and a solvent (2.0g) used as the carrier solvent and molecular weight was calibrated by using polystyrene standards). The chromatogram of AL/AM-C3-ASP showed a large peak in a molecular weight range of 102-104 together with a relatively small one in a range of 104-105. While the peak at 102-104 was only slightly shifted to the smaller molecular weight range, the peak at 104-105 significantly decreased after treatment in each solvent, indicating that the constituents having relatively large molecular sizes in the feed were effectively converted, which agrees with the results of solubility test conducted on the treated oils with pentane.
A small peak around 105 continued to appear in each treated sample, however.
The peak area appeared to depend on the used solvents and decreased proportionally with the sulfur content.
The above results indicate that the efficiency of desulfurization, as well as decomposition of relatively heavy components, is obviously affected by the identity of the added solvents.
The order of effectiveness of the tested bicyclic solvents (1-methylnaphthalene<decalin<tetralin) suggests that the hydrogen-donation property of tetralin intervenes, while hydrogen-shuttling effect of 1-methylnaphthalene is not important. The fact that cyclohexane and benzene afforded better results than tetralin, however, suggests that another significant effect also participates in the upgrading.
It might be affinity of the solvents toward the feed molecules. This is, however, less probable, since cyclohexane was superior to ben- For the purpose to investigate compositional changes that occur in the hydrotreatment, in some detail, the hydrotreated residues using benzene and 1-methylnaphthalene as solvents as well as the original feed were separated into 8 fractions by using a preparative GPC column, as indicated in Fig. 4 (the content of fraction 8 was less than 2% in each case). It can be seen that the contents of high molecular weight fractions 1 and 2 decreased significantly after the treatment and the amounts of the fractions treated in benzene were somewhat less than those treated in 1-methylnaphthalene, which is in harmony with the analytical GPC data shown in Fig. 3 . Figure 5 shows H/C and S/C atomic ratios of the above GPC fractions.
The feed appeared to contain compounds having relatively low H/C and high S/C values in both the large and small molecular size fractions.
Such characteristic trend was observed in other residues41). As expected, the H/C ratio of each fraction increased after the On the other hand, the S/C ratio of every fraction derived from the residue treated in benzene was found to be lower than the corresponding ones treated in 1-methylnaphthalene.
To examine the effect of hydrogen donation by tetralin under the conditions exceeding its critical using the solvent as well as benzene (Runs 6 and 7 in Table 5 ). With tetralin, the oil recovery was considerably smaller, while the content of residual sulfur was somewhat higher than with benzene. This suggests that, at the temperature at which both solvents might be supercritical, the hydrogenation activity of tetralin becomes relatively more important to enhance the hydrocracking of the feed. It may also be considered that at the higher temperature, homolytic decomposition of heavy oil molecules becomes significant, and hence, the hydrogen donor property plays a relatively important role. Figure 6 shows the results of hydrogenation of dibenzothiophene as a sulfur-containing model compound.
The reaction was conducted under 70kg/cm2 (at room temperature) of hydrogen at larger amount of hydrogen was consumed in cyclohexane than in decalin, giving dicyclohexyl as the major product, while the conversion of the substrate exceeded 95% in each solvent. These results may indicate that cyclohexane can enhance both hydrogenation and hydrodesulfurization of the substrate. Figure 7 shows the results of hydrogenation of specified conditions were similar to those for dibenzothiophene. Again, the consumption of hydrogen was greater in cyclohexane, although the conversion of the substrate was essentially independent of the used solvents. These observations using the model compounds seem to be similar to the effects of the solvents added in the hydrotreatment of AL/AM-C3-ASP. The fact that the H/C ratio of the hydrotreated residue was relatively less sensitive to solvent variation could be attributed to the reversibility of hydrogenation of polyaromatic moieties in the feed at higher temperature.
Structural Analysis of Deasphalted Oils Derived from a Thermal Cracking Residue and Their Hydrotreated Oils29),30)
The results for structural analysis of two deasphalted oils (H-DAO and L-DAO), as heavy oil samples, obtained by supercritical solvent extraction of a heavy end with different conditions, and those of oils hydrotreated with Ni-Mo-Al2O3 are also briefly described.
The employed heavy end was the thermal cracking residue obtained by CHERRY-P process, which was developed to utilize petroleum heavy oils for production of lighter distillates and heavy ends42),43), using an Arabian mixture.
The hydrotreatment was conducted under 50kg/cm2 (at room temperature) of using tetralin as a solvent. Under the employed conditions, heavy oils may be expected to undergo considerable structural changes in terms of molecular size (see above). Each oil sample (pentane-soluble fraction) was separated by gradient liquid chromatography into six fractions, i.e. saturates (S), monoaromatics (MA), diaromatics (DA), polyaromatics (PA), polar compounds-1 (P-1), and polar compounds-2 (P-2) (P-1 is less polar than P-2), which may provide relatively detailed information on the chemical composition.
The results of the fractionation and elemental analysis of the feed oils and their major fractions are shown in Fig. 8 and Table 6 , respectively. It can be seen that (a) while L-DAO is almost completely soluble in pentane, H-DAO contains a considerable amount of pentane-insoluble portion (asphaltene, ASP) (Fig. 8) and (b) the contents of nitrogen and sulfur in H-DAO are higher than those in L-DAO (Table 6 ); these are attributable to the difference in the extraction conditions.
The major components common to L-and H-DAO are PA and P-2 fractions. Thus, the fractions as well as H-DAO-ASP and L-and H-DAO themselves were hydrotreated and the resulting oils were analyzed by the same manner employed for the starting oils. The results are also shown in Fig. 8 and Table 6 . The given data are those after
The yield of the light products was less than 5wt% in each case. This may be due to the fact that the employed feed oils were those after thermal treatment. In the hydrotreatment of L-DAO-PA (Run 3 in Fig. 8 and Table 6 ), about 80% of the oil was converted to DA, MA, and S accompanied by desulfurization.
Similar results were obtained in the treatment of H-DAO-PA (Run 4). The polar compounds fractions, L-and H-DAO-P-2, were also converted to PA, DA, MA, and S components in 60-70% conversions accompanied by desulfurization and denitrogenation (Runs 5 and 6). The conversion of H-DAO-ASP was 85%, yielding P-2 as the major fraction. The conversion of the starting fractions to the less polar and less aromatized fractions (DA, MA, and S) decreased in the order polyaromatics>polar compounds> asphaltene, as expected.
The average molecular weights of the fractions of L-DAO and their fractions before and after hydrotreatment (determined by VPO using chloro- form as solvent) are shown in Fig. 9 which may indicate the degree of fragmentation of each oil sample by the treatment.
The molecular weights of the fractions from L-DAO appeared to be in the range of 550-650, while those from hydrotreated L-DAO were around 500. On the other hand, DA, MA, and S from hydrotreated L-DAO-PA and L-DAO-P-2 were in the range of 300-350, being considerably lower than those in hydrotreated L-DAO.
These results may suggest that (a) the PA and P-2 fractions undergo fragmentation (i.e. DA-DA to 2DA and DA-MA to DA+MA) as well as hydrogenation to give less aromatized products having relatively low molecular weights, and (b) DA, MA, and S in L-DAO are relatively stable against the treatment and tend to maintain molecular sizes. Figure 10 shows the molecular weights of the fractions from H-DAO-based samples before and after hydrotreatment.
The molecular weights of DA, MA, and S in hydrotreated H-DAO-PA, H-DAO-P-2, and H-DAO-ASP were around 350, similar to those derived from the fractions from L-DAO.
While the values for DA, MA, S in hydrotreated H-DAO are relatively low compared with those in hydrotreated L-DAO. This may be due to the fact that the amounts of these fractions in the original H-DAO are small, contributing less in the corresponding product fractions. Figure 11 shows the fa values of the fractions of H-DAO and hydrotreated H-DAO-PA, P-2, and ASP determined by 1H NMR and elemental analyses. It can be seen that the values for PA, DA, and MA yielded from H-DAO-PA, H-DAO-P-2, and H-DAO-ASP are significantly similar, as to 
Conclusion
The authors conducted structural characterization of some deasphalted oil (DAO) and asphaltene (ASP) samples by chromatographic separation followed by NMR and elemental analyses, and Curie-point pyrolysis and catalytic hydrotreatment of the oils and their fractions, for the purpose to provide some insight into the relationship between structural characteristics of petroleum heavy oils and their thermal-and hydro-cracking properties, and the results are herein summarized. The major points are outlined below. a) In the Curie-point pyrolysis investigation, it was indicated that the saturates fraction, AL/AM-DAO-S-1, which contained a considerable amount of naphthenic compounds, could suppress coke formation from aromatic and polar compounds fractions, whereas such an effect was not observed in the case of Minas-and Duri-DAO-S-1 which consisted mainly of straight paraffins. It was proposed that the effect of naphthenic components was attributed to their hydrogen donor property. b) Addition of a light hydrocarbon solvent such as cyclohexane or benzene in the hydrotreatment of presulfided Ni-Mo/Al2O3 catalyst was found to significantly enhance desulfurization as well as cracking of heavier components in the oil. It was considered that this was attributed to the supercritical effect of the solvents. It also appeared that which both solvents might be at supercritical state. c) Analysis of the oils obtained by the individual hydrotreatment of polyaromatics, polar compounds, and asphaltene fractions from a thermal cracking residue produced by the CHERRY-P process, indicated that the samples treated contained very similar saturates, monoaromatics, and diaromatics components, suggesting that the fractions before the treatment have similar structure moieties. Meanwhile, the conversion of the starting fractions to the less polar and less aromatized fractions normally decreased in the order polyaromatics>polar compounds>asphal-tene.
